Background: DNA rereplication causes DSB formation, but its repair mechanisms in mammalian cells are not clear. Results: We showed that HR is induced upon rereplication and impaired HR causes severe cell death. Conclusion: HR-mediated repair is a primary mechanism to repair rereplication-induced DSBs. Significance: DNA rereplication leads to genome instability and tumorigenesis. Our study helps to illustrate repair mechanisms of rereplication-associated DSBs to prevent cancer.
DNA replication occurs once per cell cycle, and its regulation is extremely important for the maintenance of genome integrity (1) . At cellular origins, prereplication complexes (pre-RCs) 2 are assembled only once to permit a single round of replication initiation within the same cell cycle (2) (3) (4) (5) . Cdt1 is a key component of the pre-RCs, and is critical for loading the MCM2-7 helicase complexes at replication origins. Overexpression of Cdt1 or inactivation of the Cdt1-binding protein geminin leads to substantial DNA rereplication observed in various cancer cells (6, 7) .
DNA rereplication causes single-strand DNA (ssDNA) accumulation and DNA DSB formation at rereplication forks, which lead to the activation of checkpoints through both ATR-and ATM-mediated checkpoint pathways (6 -10) . Checkpoint activation plays an important role in the suppression of further DNA rereplication (8) . Indeed, no obvious DNA rereplication is observed upon loss of the DNA replication licensing control in primary cell lines with an intact checkpoint cascade (6, 8) .
DNA rereplication causes replication fork collapse, generating substantial levels of DSBs (8, 10) . Even in normal cells with very limited rereplication, H2AX phosphorylation, a key marker for DSBs, is observed upon Cdt1 overexpression or geminin inactivation (7, 8) . It has been described in Xenopus egg extracts that DNA double-strand fragments are produced due to head-to-tail collision of rereplication and replication forks (10) (Fig. 1A, panel a) . 3 It has also been shown in human cells that DNA fragments are generated by rereplication of gapped DNA templates that are accumulated during rereplication (11) (Fig. 1A, panel b ). In addition, DSBs may be generated on chromosomes when rereplication forks are stalled and eventually collapsed (Fig. 1A, panel c) . It also remains unknown whether any nucleases are involved in cleaving stalled rereplication forks to remove rereplicated DNA (Fig. 1A, panel c) and facilitate rereplication fork repair. Studies in yeast showed that loss of replication licensing control and DSB repair function synergistically results in cell death (12) , suggesting that DSB repair indeed plays an important role in maintaining cell viability when DNA rereplication is induced. However, the role of DSB repair in preventing rereplication-induced genome instability and the repair pathways that are used to repair rereplication-induced DSBs in mammalian cells are largely unknown.
Classical non-homologous end joining (C-NHEJ) and homologous recombination (HR) are two major pathways to repair DSBs. C-NHEJ is DNA-PK dependent and relies on Ku70/Ku80 and DNA ligase IV/XRCC4 complexes, which often generate small deletions or insertions at the repair junction sites when ends are not complementary (13) . HR, utilizing a homologous template to repair DSBs, is the most conservative repair pathway and is usually used when cells enter S and G2 phases of the cell cycle (14 -18) . In mammalian cells, besides Rad51, BRCA1, the Mre11/Rad50/Nbs1 complex and CtIP are also important for HR (19) . Microhomology-mediated end joining (MMEJ) is suppressed by C-NHEJ and HR, but is preferentially used at collapsed replication forks to repair DSBs (20) . MMEJ requires limited end resection and joins the ends using microhomology sequences, causing deletions and sometimes insertions around the original DSBs (21) . It remains unclear whether these DSB repair pathways are involved in repairing rereplication-induced DSBs.
DNA replication from the simian virus 40 (SV40) origin has been used as a model system to study mechanisms of DNA replication. It heavily relies on host replication machinery and requires only a single viral protein, the SV40 large T antigen (SV40 T) (22) (23) (24) . The SV40 T binds specifically to the viral replication origin via its DNA binding domain and unwinds DNA to initiate DNA replication through its helicase domain (25) . Different from cellular replication origins, which are licensed only once for replication initiation per cell cycle, SV40 T-mediated replication initiation from SV40 origins can be initiated for multiple rounds during one cell cycle (26, 27) . This is reminiscent of DNA rereplication from cellular replication origins under the condition that DNA replication licensing control is impaired.
To clarify the DSB repair pathways that are utilized in repairing DSBs formed at rereplication forks, we established novel EGFP-based repair substrates. We showed that HR-mediated DSB repair is an important mechanism to repair rereplicationinduced DSBs from both the SV40 origin and mammalian cellular replication origins. By designing a repair substrate which provides a donor specifically on the sister-chromatids, we demonstrated that sister chromatids are used as templates to repair rereplication-induced DSBs. We further showed that MMEJ can also be used to repair DSBs upon rereplication, but at relatively low levels compared to HR. In addition, we demonstrated that inactivation of the HR pathway led to significant cell death upon rereplication, whereas inactivation of MMEJ caused less profound cell death. In contrast, inactivation of key players of NHEJ such as Ku70 and XRCC4 did not result in significant cell death when rereplication was induced. These studies suggest that HR is a primary mechanism, with MMEJ playing a minor role, for the repair of DSBs that occur during rereplication in mammalian cells, while NHEJ has minimal roles.
EXPERIMENTAL PROCEDURES

Construction of Repair Substrates, Generation of Cell Lines and Other Plasmids
HR-EGFP-SV40 oriϩ and HR-EGFP-␤-globin ori-A fulllength EGFP cassette (containing a silent mutation in the middle of EGFP ORF to generate a BssHII site) was inserted into pUC19 with hygromycin selection marker (pUC19-hygro), followed by a donor EGFP fragment (D-EGFP) containing truncated CMV promoter and EGFP ORF (aa 1-214), to generate HR-EGFP-BssHII (28) . The SV40 origin (a 398-bp core SV40 origin (SV40 oriϩ) and the ␤-globin origin (a 397-bp core ␤-globin origin from 6XN-␤-globin, kindly provided by Dr. Mirit Aladjem, Center for Cancer Research, NCI (29)) were PCR amplified (for SV40 origin, primers ACGCGCGCCTGA-TGATTCGCCAGCACAGTGGTCGAC and ACCGCGCGC-CTTGTACTCGGTCATGGTAAGCTT, and for ␤-globin origin, primers ATTCGCGCGCTCCTGAGGAGAAGTCTGC-GTTAC and ATTCGCGCGCCAGTGCAGCTCACTCAGT-GTGG) and inserted into the BssHII site of HR-EGFP-BssHII to generate HR-EGFP-SV40 oriϩ and HR-EGFP-␤-globin ori, respectively ( Fig. 3A) .
SC-HR-EGFP-SV40 oriϩ, SC-HR-EGFP-SV40 ori-, and SC-HR-EGFP-␤-globin ori-A 3Ј EGFP fragment containing a truncated, C terminus EGFP ORF (aa 61-239 end) and poly(A) tail was inserted at KpnI/BamHI sites of pUC19-hygro. A 5Ј EGFP fragment, with silent BssHII site, containing CMV promoter and truncated, N terminus EGFP ORF (aa 1-214) was then inserted downstream of the 3Ј EGFP fragment and hygromycin cassette at SphI/PciI. The SV40 origin (wild-type (SV40 oriϩ) or a mutated SV40 origin, SV40 ori-(generated by digestion at BglI site, followed by end removal and blunt ligation), which is defective for SV40 T binding (30, 31) ) and the ␤-globin origin were PCR amplified and inserted into BssHII site of 5Ј EGFP fragment (Figs. 4A and 5A).
MMEJ-EGFP-␤-globin ori-The MMEJ-EGFP-␤-globin ori construct ( Fig. 8A ) was generated by 3-piece ligation of the following fragments: 1) the vector fragment of pUC19-hygro was digested with KpnI and BamHI; 2) the first insert fragment with the N terminus of EGFP ORF (aa 1-109) containing ␤-globin origin (397 bp) and the 18-bp I-SceI cleavage site, digested with KpnI and AscI; and 3) the second insert fragment with the C terminus of EGFP-ORF (aa 106 -239 end) containing a 16-bp duplication for EGFP microhomology sequence, digested with MluI and BamHI.
U2OS cells were transfected with the repair substrate plasmids by Fugene (Promega), followed by hygromycin selection for 7 days. Single clones were obtained and verified for singlecopy integration by Southern blotting.
The AAVS1-SV40 oriϩ construct ( Fig. 2C ) was generated by inserting the core SV40 origin (398bp) and hygromycin cassette (from pCEP4) into pZDONOR-AAVS1 vector (Sigma-Aldrich). Transfection was performed using the CompoZr Targeted Integration Kit for AAVS1 (Sigma-Aldrich), followed by hygromycin selection. Single clones were obtained and verified for single-copy, targeted integration by Southern blot analysis. Expression plasmids include SV40 T in pBabepuro (SV40 T-BP) (26) and Myc-Cdt1 in pcDNA and Cdt1 in pBabepuro (32) .
Cell Culture, Retroviral Infection, and shRNAs
U2OS, T98G, and 293T cells were cultured in Dulbeccos's modified Eagle's media (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. BJ cells immortalized by the catalytic component of human telomerase (TERT) were cultured in minimum essential media (MEM) supplemented with 15% FBS, MEM vitamins, MEM non-essential amino acids, and antibiotics.
Retroviral infections were performed as described (33) . shRNAs against Mre11, BRCA1, CtIP, Rad51, Ku70, XRCC4, and Lig3 were described previously (20, 34) . shRNAs against FancA (CGCUUUGGCUGCUGGAGUA) and FancD2 (GAUAAGUU-GUCGUCUAUUA) were designed by Dharmacon. In all figures containing Western blot analysis to examine expression of knockdown proteins, the percentage of knockdown by shRNAs was determined by measuring band intensities using ImageJ software (NIH), normalized to control input (Ku70 or GAPDH). Observed knockdown was greater than 95%, unless otherwise indicated in figures (** indicates more than 85% knockdown, and * indicates more than 75% knockdown).
Cell Lysis, Immunoblotting, and Antibodies Used
Cell lysis was performed as described (20) . Antibodies to human Mre11, BRCA1, CtIP, Cdt1, SV40T, Ku70, GAPDH, DNA Lig3, Chk1-S317p, H2AX-S139p, Myc-tag, and HA tag were previously described (20, 26, 32, 34) . Other antibodies used include: anti-XRCC4, anti-FancA, and anti-FancD2 from Genetex; and anti-Rad51 anti-Nbs1-S243p from Santa Cruz Biotechnology.
Southern Blotting
Southern blotting was performed as described (35) . U2OS cells containing a single-copy integration of SV40 origin in pBabezeo (U2OS::SV40 oriϩ, Fig. 2B ) were extracted for genomic DNA and digested by BamHI and NheI. The probe for SV40 origin was obtained by SalI/HindIII digestion of pBabepuro vector. The probe for actin control was made by PCR amplification of genomic DNA using primers AGCACAGCT-TCTCCTTAATGTCAC and ACTGGCTCGTGTGACAAG-GCCATG.
Quantitative PCR (qPCR)
qPCR was performed using a BIO-RAD CFX96 thermal cycler and real-time detection system, and SYBR-green mastermix (Lambda). qPCR primers to amplify indicated regions are as listed. For SV40 core origin in HR-EGFP-SV40 oriϩ GCTA-TTCCAGAAGTAGTGAGGAGGC and GGCGGATCTTGA-AGTTCACCTTG. For SV40 origin in AAVS1: CAGCAGGC-AGAAGTATGCAAAG and GCCTCCTCACTACTTCTGG-AATAGC; SV40 ϩ1kb CTCTCGATGAGCTGATGCTTTG and CTCCTTCCGTGTTTCAGTTAGC; SV40 ϩ2kb CACC-TCCTGTTAGGCAGATTCC and AGGACGCACCATTCT-CACAAAG; SV40 ϩ3kb GCCTTCATATGGGGTCCAGGAG and CACGTGTCCCACTAGCTAGTC; SV40 Ϫ1kb CTTTG-CCACCCTATGCTGACAC and CAGAAGCCAGTAGAGC-TCAAAG; SV40 Ϫ2kb CATGGCCAACATGGTGAAATCC and TGGAGTCCATTAGCAGAAGTGG; and SV40 Ϫ3kb TTGGGCGCGGGATCCGTAAG and GACAGTCCACTTC-CAAGCTTCC. For ␤-globin origin in MMEJ-EGFP-␤-globin ori: CAAGGAC-GACGGCAACTACAAG and TACGCGC-CAT-TACCCTGTTATC; and for native ␤-globin origin: AA-CAGACACCATGGTGCACCTG and TCAGGATCCACGT-GCAGCTTG. For actin: AAGGAGAAGCTGTGCTACGTC and CGGA-TGTCCACGTCACACTTC. Threshold (Ct) levels were normalized to actin control and used to determine amplification amounts, relative to indicated controls, which were set to 1.
Fluorescence-activated Cell Sorting (FACS) Analysis
Cells were collected by trypsinization, then washed and resuspended with PBS. Fluorescence-activated cell sorting (FACS) analysis of live cells to assay for EGFP-positive events was performed using a BD Accuri C6 flow cytometer and data analyzed with accompanying Accuri software (Becton-Dickinson). Cell cycle profiles and DNA content were performed as described before (8) .
Growth Curve Analysis and Clonogenic Survival Assay
Growth curve analysis was performed by determining population doubling rate as described (36) . Clonogenic survival assay was performed by plating 500 or 1000 cells of indicated cell lines and after 10 days, colonies were stained by crystal violet and counted (35) .
RESULTS
Limited DNA Rereplication Activates Checkpoints and Induces H2AX Phosphorylation without Causing Significant
Cell Death-DNA damage checkpoints inhibit rereplication (6, 8, 37) . In U2OS cells, because of defects in the checkpoint downstream effector Rb pathway, significant rereplication is induced upon Cdt1 overexpression causing cell death ( Fig. 2A , top) (8) . On the other hand, in primary cells such as fibroblast cells BJ and IMR90, overexpression of Cdt1 leads to ATR activation as revealed by Chk1 phosphorylation as well as DSB formation, causing ␥H2AX accumulation ( Fig. 2A , bottom, left and data not shown) (8) . However, no significant rereplication marked by accumulation of cells with more than 4N DNA content was observed ( Fig. 2A, bottom, right) , and BJ cells grew at similar rate with or without Cdt1 overexpression ( Fig. 2A , bottom, middle).
It has been shown that overexpression of SV40 T induces multiple rounds of DNA replication at chromosomal integrated SV40 replication origins, which generates an "onion-skin"-like DNA structure around the viral origin (38 -40) (Fig. 2B, top) . We generated U2OS cell lines carrying a stably-integrated single-copy of SV40 replication origin, and showed by Southern blot analysis that overexpression of SV40 T induced DNA amplification at the viral origin (Fig. 2B, bottom) . Similar DNA amplification was observed at integrated SV40 origins in primary BJ cells upon SV40 T expression (data not shown). Quantitative PCR (qPCR) further revealed that the amplification levels peak at the SV40 origin and gradually decrease over distance away from the origin (Fig. 2C ). In both U2OS and BJ cells with rereplication at the SV40 origin, Chk1 and H2AX are phosphorylated, suggesting checkpoint activation and DSB formation ( Fig. 2D, left) . However, cell growth of U2OS and BJ cells containing the SV40 origins is at similar rate with or without SV40 T expression ( Fig. 2D, middle and right) .
Taken together, in primary cells, such as BJ and IMR90 cells, with Cdt1 overexpression, rereplication from cellular replication origins is inhibited to a limited amount, while in SV40 T-expressing cells, SV40 T drives multiple rounds of DNA rereplication but only at the SV40 origins. In both cases, H2AX phosphorylation was observed, suggesting that DSBs are formed, but cell growth was not significantly disturbed. We thus hypothesize that DSBs generated during rereplication are constantly repaired, and under limited rereplication conditions, DSBs are sufficiently repaired by cellular repair mechanisms and thus cell viability is maintained.
Establishing EGFP-based HR Substrates to Analyze Repair of DSBs Generated during DNA Rereplication-To explore which DSB repair pathways that are utilized to repair rereplicationassociated DSBs, we first designed an EGFP-based HR substrate containing one copy of the SV40 replication origin. The SV40 replication origin (0.4 kb) was inserted into a full-length (FL) EGFP cassette, which also contains two in-frame stop codons in EGFP open reading frame (Fig. 3A, top) . An inactive, truncated donor EGFP (D-EGFP) fragment (28) was placed downstream of the FL-EGFP::SV40 oriϩ cassette. When DSBs are generated at or around the SV40 origin insertion site, the D-EGFP fragment on the same chromatid or from the sister chromatid can be used as a template for HR-mediated repair (Fig. 3B ). U2OS cell clones stably integrated with HR-EGFP-SV40 oriϩ were selected and confirmed by Southern blotting for single-copy integration. Significantly, expression of SV40 T led to accumulation of EGFP-positive cells ( Fig. 3C ), suggesting that DSBs are indeed formed at SV40 origins and HR can be used to repair rereplication-induced DSBs. Consistently, inactivation of Rad51 or BRCA1, the key factors in HR (41, 42) , in U2OS (HR-EGFP-SV40 oriϩ) cells reduced SV40 T-induced HR at SV40 origin ( Fig. 3D ). Thus, rereplication initiated at a defined replication origin can induce DSBs and HR-mediated DSB repair.
To examine whether HR can also be used to repair DSBs generated at cellular replication origins during rereplication, we replaced the SV40 origin in the HR-EGFP-SV40 oriϩ substrate with a 0.4 kb fragment containing the core of ␤-globin replication origin (29, 43) (Fig. 3A , bottom, HR-EGFP-␤-globin oriϩ). Overexpression of Cdt1 in U2OS (HR-EGFP-␤globin oriϩ) cells resulted in a significant increase of HR (Fig.  3E ). These results suggest that, like SV40 T-induced rereplication at viral origins, rereplication at cellular replication origins also induced DSBs, which could be repaired by HR at rereplication forks.
Sister-chromatids Can Be Used as Templates to Repair Rereplication-induced DSBs-To repair DSBs at collapsed replication forks, it is expected that sister chromatids are used as repair templates for HR ( Fig. 1B, HR) . In our HR-EGFP-SV40/␤-globin oriϩ substrates, HR-mediated DSB repair can use the donor either from the same chromatid or its sister chromatid (Fig. 3B ). We thus designed an HR repair substrate which only scores the gene conversion events using sister chromatids as templates (Fig. 4A , SC-HR-EGFP-SV40 oriϩ). In this repair construct, the SV40 origin is inserted into the 5Ј EGFP fragment, which shares about 0.6 kb homology with the 3Ј EGFP fragment (0.27 kb on the left side and 0.32 kb on the right side of the SV40 origin, Fig. 4A, bottom) . The 3Ј EGFP fragment is placed upstream of 5Ј EGFP::SV40 oriϩ fragment. As both EGFP fragments are truncated, a functional EGFP cassette can only be obtained by a long-track gene conversion event using the sister chromatid as a template (Fig. 4B) . Also, since 3ЈEGFP is upstream of 5Ј EGFP, a functional EGFP cannot be restored by single-stranded annealing (SSA) repair mechanism (44) .
As a control, we utilized a mutated SV40 replication origin (SV40 ori-) which is defective in SV40 T-mediated replication at the SV40 origin (30) , and inserted this SV40 ori-in the SC-HR-EGFP cassette (SC-HR-EGFP-SV40 ori-). The SC-HR-EGFP-SV40 oriϩ repair substrate and its control SC-HR-EGFP-SV40 ori-were introduced into U2OS cells, and the clones with single insertion of the substrates were identified by Southern blot analysis. Rereplication at the SV40 origin in the SC-HR-EGFP-SV40 oriϩ reporter was confirmed by qPCR ( Fig. 4C ). Expression of SV40 T significantly induced long track gene conversion in the SC-HR-EGFP-SV40 oriϩ cell lines, resulting in formation of green cells (Fig. 4D ). Similar results were obtained when T98G cells were used (data not shown). SV40 T-induced gene conversion was not observed in cells (SC-HR-EGFP-SV40 ori-) with defective SV40 origins (Fig. 4D ). Inactivation of Rad51, BRCA1, Mre11, or CtIP by shRNAs significantly reduced rereplication-induced gene conversion in U2OS (SC-HR-EGFP-SV40 oriϩ) cells (Fig. 4E ). Expressing shRNAs for fanconi anemia (FA) proteins FancA and FancD2, which are important for HR (45) , also decreased HR-mediated DSB repair at SC-HR-EGFP-SV40 oriϩ upon SV40 T expression (Fig. 4F) . These data suggest that sister chromatids are used as templates to repair the DSBs generated at the sites of DNA rereplication proximal to the SV40 origins.
We also replaced the SV40 origin in the SC-HR-EGFP-SV40 oriϩ substrate with the ␤-globin replication origin (Fig. 5A ) and showed that Cdt1 overexpression led to a significant increase of HR at the ␤-globin replication origin (Fig. 5B) , which was reduced by inactivation of Rad51 or BRCA1 by shRNAs (Fig. 5C ). These results suggest that, like SV40 T-induced rereplication at viral origins, sister chromatids are used as templates to repair DSBs generated at cellular replication origins upon rereplication.
Inactivation of Ku-dependent C-NHEJ Does Not Lead to an Increase of HR-mediated DSB Repair at SV40 Origins upon
Rereplication-DSBs can be repaired by both HR and C-NHEJ (13, 17) . Substantial evidence suggests that C-NHEJ often competes with HR, and thus in the absence of C-NHEJ, HR is used more often to repair DSBs (20, 46) . To examine whether Ku-dependent C-NHEJ also competes with HR in repairing DSBs generated during rereplication, we examined HR in U2OS (SC-HR-EGFP-SV40 oriϩ) cells after suppressing the expression of C-NHEJ essential players Ku70 and XRCC4 by shRNAs (20) . Interestingly, inactivation of neither Ku70 nor XRCC4 altered HR frequency substantially (Fig. 4G) , which is in sharp contrast to the significant increase of I-SceI-induced HR by inhibition of C-NHEJ (20) . To examine whether MMEJ plays a role, we expressed shRNAs against an essential player of MMEJ, DNA Lig3 (20, 47, 48) , and observed a small increase of HR in U2OS (SC-HR-EGFP-SV40 oriϩ) cells upon SV40 T expression ( Fig.  4H) . These data suggest that Ku-dependent C-NHEJ does not compete, while MMEJ shows a minor effect to compete with HR to repair rereplication-induced DSBs.
HR Is Important for Cell Survival When Limited Rereplication Is Induced-We showed that HR is used to repair DSBs generated during DNA rereplication. To test whether HR is an essential repair pathway to protect cells from death upon rereplication, we expressed SV40 T in a U2OS cell line that carries a single chromosome-integrated SV40 replication origin. Interestingly, inactivation of HR players Mre11, CtIP, BRCA1, or Rad51 together with SV40 T expression significantly reduced cell viability as shown by cell growth (Fig. 6A ) and clonogenic survival assays ( Fig. 6D and data not shown) , whereas expression of shRNAs against C-NHEJ factors Ku70 or XRCC4 did not have such effect (Fig. 6, B and D and data not shown). Inactivation of Lig3, required for MMEJ (20, 49) , modestly reduced growth rate (Fig. 6C) . These data suggest that HR, but not Kudependent C-NHEJ, is required for maintaining cell viability when SV40 rereplication is induced at a single chromosomal locus. MMEJ also plays a role, although not as prominent as HR, to prevent cell death upon rereplication at SV40 origins.
We further suppressed the expression of Mre11, BRCA1, Rad51, Ku70, XRCC4, and Lig3 in primary BJ cells and examined cell growth after inducing rereplication at cellular replication origins by Cdt1 overexpression. Inactivation of Mre11, BRCA1, or Rad51 (Fig. 7A ), but not Ku70 and XRCC4 (Fig. 7B ) caused a significant decrease of cell growth, while impaired function of Lig3 (Fig. 7C ) had a modest effect on reducing cell growth. These results are consistent with the data from rereplication at SV40 origins, and suggest that HR is a critical DSB repair pathway to maintain cell viability upon limited rereplication, while Ku-dependent C-NHEJ is not essential, and MMEJ has a modest effect.
MMEJ Can Be Used to Repair DSBs Generated upon Rereplication-When we inactivated Lig3 in the SC-HR-EGFP-SV40 oriϩ cell lines, we found that HR-mediated repair frequency is slightly but consistently increased (Fig. 4H ). This suggests that MMEJ is likely involved in repairing DSBs associated with rereplication at least in part concurrently with HR, and in its absence, HR is used more frequently. We also showed that when MMEJ is impaired, cell growth rate is modestly reduced upon induction of rereplication at both cellular and SV40 origins ( Figs. 6C and 7C) , which is consistent with a role of MMEJ in repairing rereplication-associated DSBs.
To more directly assay for MMEJ occurring during rereplication, we generated an EGFP-based MMEJ repair substrate ( Fig. 8A) . A full-length EGFP cassette was inactivated by inserting the ␤-globin origin, which is flanked on both sides by a duplication of a 16-bp EGFP sequence serving as a microhomology sequence. qPCR analysis revealed that rereplication occurring at the ␤-globin origin inserted inside of the MMEJ-EGFP-␤-globin oriϩ reporter is at the similar levels as that at the endogenous genomic ␤-globin origin locus (Fig. 8B ). Overexpression of Cdt1 significantly increased MMEJ frequency (Fig. 8C) , which was suppressed by inactivation of Lig3 or CtIP, the players that are important for MMEJ ( Fig. 8D) (20, 49) . These data suggest that MMEJ is also a pathway to repair DSBs generated during rereplication at the SV40 origin.
DISCUSSION
Substantial evidence, including studies in yeast, X. laevis cell free system and mammalian cells, showed that DSBs are accumulated during DNA rereplication (6, 8, 12, 50, 51) . However, it (right) . B, overexpression of SV40 T induces rereplication at SV40 viral origins forming "onion-skin"-like DNA structures (top). A schematic drawing of the pBabe retroviral vector containing a SV40 origin with Southern blot probe indicated (middle). U2OS cells carrying a single-copy integration of SV40 origin were expressed with SV40 T, and Southern blotting was performed to show amplification of DNA regions around the SV40 origin, with actin used as a loading control (bottom). C, qPCR was performed using genomic DNA extracted from U2OS cells carrying AAVS1-SV40 oriϩ and expressing SV40 T, with primers at indicated positions (top, P0 at core SV40 origin). The fold difference for all primer set positions represents amplification fold over respective controls from U2OS::AAVS1-SV40 oriϩ cells containing empty vector, with all Ct values normalized to actin control (bottom). D, primary BJ TERT cells (top panels) or U2OS cells (bottom panels) containing a single-copy integration of SV40 viral origin were overexpressed with SV40 T and subjected to checkpoint activation analysis, growth curve analysis, and brightlight imaging (as in A). OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42
DSB Repair during Rereplication
JOURNAL OF BIOLOGICAL CHEMISTRY 28915
remains unclear the detailed mechanisms of how rereplicationassociated DSBs are repaired in mammalian cells. In this work, we demonstrated that HR is a primary mechanism to repair DSBs generated during rereplication in mammalian cells. MMEJ can also be used as a repair mechanism, but to a lesser extent compared to HR.
HR Is a Primary Pathway to Repair Rereplication-associated DSBs to Maintain Cell Viability-We generated novel EGFPbased repair assay substrates by integrating DNA replication origins in the DSB repair reporters and demonstrated that DSBs generated during rereplication can be repaired by HR-mediated DSB repair. We first analyzed DSB repair when rereplication is specifically induced at the SV40 replication origin upon SV40 T expression. Replication re-initiation at SV40 origins often occurs for multiple rounds (52), but cells which continuously rereplicate DNA at the SV40 origins grow normally. We further demonstrated that HR serves as a critical mechanism to repair rereplication-associated DSBs at viral origins to maintain cell viability.
Although replication from the SV40 origin has been used as a model system and relies on host replication machinery, the replication initiation at SV40 viral origin is still different from cellular origins (22) (23) (24) . In addition, SV40 T is a viral oncoprotein (53) , and its expression may influence the repair pathway selection. We thus engineered repair reporters to analyze rereplication-induced DSB repair at the cellular ␤-globin replication origin. We found that HR is also significantly induced at the ␤-globin origin when rereplication is induced by Cdt1 overexpression. We further showed that inactivation of HR in primary cell lines with limited rereplication upon Cdt1 overexpression FIGURE 3 . The HR-EGFP-SV40 ori؉ and HR-EGFP-␤-globin ori؉ repair substrates and repair of rereplication-induced DSBs by HR. A, HR-EGFP-SV40 oriϩ (top) and HR-EGFP-␤-globin oriϩ (bottom) repair substrates. SV40 origin or ␤-globin origin was inserted into a full-length EGFP cassette to disrupt EGFP expression. A donor EGFP fragment (D-EGFP), with truncated CMV promoter and truncated EGFP ORF (aa1-214), was placed downstream of the FL-EGFP::SV40 oriϩ or FL-EGFP::␤-globin oriϩ cassette. B, DSBs induced by rereplication from origins inserted in the HR-EGFP-SV40 oriϩ and HR-EGFP-␤-globin ori substrates can be repaired using the D-EGFP from the same chromatid or on the sister chromatid. C, U2OS cells carrying a single-copy integration of HR-EGFP-SV40 oriϩ were induced with SV40 T, and fluorescence imaging (left) and FACS analysis of EGFP-positive events (middle) was performed 6 days later. Western blot shows SV40 T expression, with Ku70 as a loading control (right) . D, U2OS cells carrying HR-EGFP-SV40 oriϩ were stably expressed with shRNAs against BRCA1 or Rad51, or MKO control, induced with SV40 T, and assayed for EGFP-positive cells 6 days later. Western blot shows knockdown of BRCA1 and Rad51, with Ku70 as a loading control. E, U2OS cells carrying HR-EGFP-␤-globin oriϩ were induced with Cdt1 and assayed for EGFP-positive cells 4 days later. Western blot shows Cdt1 expression, with Ku70 as a loading control. significantly reduces cell growth rate. Thus, HR is a critical DSB repair pathway to promote cell survival when replication is reinitiated at both SV40 viral origin and cellular origins.
Different models, such as head-to-tail fork collision (10), new fork and Okazaki fragment collision (8) , and rereplication over accumulated ssDNA gaps (11) , have been put forth to illustrate how DSBs are generated upon rereplication. By these mechanisms, DNA double-strand fragments containing rereplicated DNA can be generated, which removes the extraneous, ampli-fied DNA (Fig. 1A, panels a and b) . However, additional mechanisms may also be involved in removing rereplicated DNA. For instance, rereplication forks may be cleaved by endonucleases to remove rereplicated DNA (Fig. 1A, panel c) , or rereplicated DNA is degraded from DSB ends by exonucleases. While rereplicated DNA is removed, DSBs are generated and rereplication forks are collapsed with or without DNA gaps (Fig. 1A, panel c) . Under these circumstances, HR-mediated DSB repair is engaged to repair DSBs and restore normal replication forks (Fig. 1B, HR) . Consistent with this model, we showed that HR is an important mechanism to repair rereplication-induced DSBs and sister chromatids can be used as templates. Further studies will be needed to clarify the mechanisms that are used to process and remove rereplicated DNA.
MMEJ Can Also Be Used to Repair Rereplication-associated DSBs, while Ku-dependent C-NHEJ Has a Minimal Role-In addition to HR, DSBs generated during rereplication may also be repaired by end joining pathways (Fig. 1B, end joining) . In yeast, the Ku complex and the Mre11/Rad50/Nbs1 complex compete for DNA ends to channel the DSBs for the repair by C-NHEJ or HR, respectively (54, 55) . In mammalian cells, inactivation of Ku-dependent pathway promotes HR at endonuclease-generated DSBs, and vice versa (20, 49) . Interestingly, using our rereplication-dependent HR repair substrates, we showed that impaired function of Ku70 or XRCC4 did not result in a significant increase of HR, suggesting that C-NHEJ does not compete with HR to repair rereplication-associated DSBs. In addition, inhibition of C-NHEJ did not cause profound cell death upon DNA rereplication. Collectively, these data suggest that Ku-dependent C-NHEJ has a very minimal role in repair of rereplication-associated DSBs. These results are also consistent with the finding in yeast that loss-offunction mutants of Dnl4 or Yku70-Yku80 (yeast homologs of DNA Lig4 and Ku70/Ku80, respectively) are not synthetic lethal in conjunction with compromised function in replication licensing control (12) . It is not yet clear what mechanisms prevent Ku-dependent C-NHEJ from being used as a favorable pathway to repair rereplication-associated DSBs. One possibility is that the DSBs generated during rereplication or after processing by nucleases contain single-stranded DNA at the ends, which are not favorable substrates for the Ku complex to bind. Alternatively, certain steps to process rereplicated DNA or DSBs at rereplication forks may be coupled with specific DSB mechanisms such as HR and MMEJ.
Different from C-NHEJ, we found that MMEJ can be used to repair rereplication-associated DSBs in the presence of HR. Due to its repair nature, MMEJ always generates deletions at repair junctions, and thus is an error-prone repair pathway (21) . However, MMEJ only requires limited end resection while HR A, SC-HR-EGFP-SV40 oriϩ repair substrate, with the SV40 origin inserted into the 5Ј EGFP fragment, which is placed downstream of the 3Ј EGFP fragment (top). The 5Ј EGFP and 3Ј EGFP fragments share 0.6 kb homology (bottom). B, rereplication-associated DSBs generated at 5Ј EGFP:: Oriϩ are repaired by long-track gene conversion using the 3Ј EGFP fragment in the sister-chromatid as a donor template, which produces a functional EGFP cassette in the SC-HR-EGFP-origin repair substrates. C, U2OS cells carrying a single-copy integration of SC-HR-EGFP-SV40 oriϩ were induced with SV40 T or without (No), and 6 days later, qPCR was performed using primers at the core SV40 origin (shown in the top drawing). Ct values were determined and normalized to actin control, with the "No" control set to 1 (bottom). D, U2OS cells carrying a single-copy integration of SC-HR-EGFP-SV40 oriϩ or SC-HR-EGFP-SV40 ori-repair substrates were induced with SV40 T and assayed for EGFP-positive events 6 days later (left). Representative images show EGFP-positive cells after SV40 T (right) . Western blot shows SV40 T expression, with Ku70 as a loading control (middle). E-H, U2OS cells carrying SC-HR-EGFP-SV40 oriϩ were stably expressed with shRNAs against HR factors Rad51, BRCA1, Mre11, or CtIP (in E), FA factors FancA or FancD2 (in F), NHEJ factors Ku70 or XRCC4 (in G), and MMEJ factor Lig3 (in H), or MKO control. Cells were induced with SV40 T and assayed for EGFP-positive cells 6 days later. Western blot shows knockdown of indicated proteins, with Ku70 as a loading control. undergoes extensive end resection, which is time consuming. Thus, MMEJ has advantages over HR to quickly repair DSBs, which may be important under the stress situations that could cause cell death. Although MMEJ can be used, HR is still a predominant and primary pathway to repair rereplication-associated DSBs, and this is supported by the severe cell death caused by impaired HR during rereplication. Inactivation of MMEJ, on the other hand, causes less profound cell death compared with loss of HR upon rereplication. We also showed that when MMEJ is inhibited, HR is only increased slightly, which is consistent with a less important role of MMEJ in the repair of rereplication-associated DSBs. Alternatively, HR and MMEJ are two independent repair pathways that are not in direct competition for DSB ends to repair rereplication-induced DSBs. The slight increase of HR in the absence of MMEJ could be caused by accumulation of DSBs due to defective MMEJ. Fur-ther analysis to understand the determinants for the choice of HR and MMEJ would be important.
DNA Damage Checkpoints Function Together with DSB Repair Pathways to Maintain Genome Integrity upon DNA
Rereplication-It has been described that checkpoints, especially the ATR pathway, play an important role in the inhibition of DNA rereplication (8) . When ATR checkpoint or its downstream effector players are defective, loss of licensing control by overexpression of Cdt1 induces extensive rereplication causing cell death (8) . However, in primary cells with an intact ATR checkpoint, rereplication is limited to a low level and cell viability is maintained. We further showed that HR repair pathway is essential for cell viability when limited rereplication is induced. Thus, upon loss of the replication licensing control, both checkpoint and DNA repair mechanisms function together to protect genome integrity and protect cells from death. Checkpoint activation limits the rereplication levels to a minimal extent, and thus DNA repair mechanisms would be sufficient to remove amplified DNA sequences and repair rereplication-associated DSBs. Without activated checkpoints, extensive rereplication would exceed the DNA repair capacity, leaving unrepaired DNA lesions, which cause cell death. In addition to the function to inhibit rereplication, checkpoints can also activate repair pathways and potentiate repair activity to repair rereplication-associated DSBs. Therefore, coordination of checkpoint regulation and repair function is fundamental for the maintenance of genome stability upon loss of the licensing control.
DNA Rereplication and Oncogenesis-Substantial evidence showed that DNA rereplication causes DSB formation and checkpoint activation (6, 8) , suggesting that DNA rereplication can potentially induce genome instability. Indeed, loss of the licensing control was found associated with a large panel of tumors. Deregulated overexpression of Cdt1 was observed in mantle cell lymphoma, non-small-cell lung carcinomas, colon cancer, and head-and-neck carcinomas (56 -58) , and such overexpression was found in precancerous stages, suggesting that DNA rereplication is one driving force for tumorigenesis (58) . In mouse models, Cdt1 overexpression predisposes for malignant transformation (59) . Importantly, certain oncogenes, such as H-RasV12 and CycD1-P287A disrupt the licensing control and induce DNA rereplication (60, 61) . Therefore, DNA rereplication is an integral aspect of tumorigenesis. In this study, we showed that DNA DSB repair pathways play important roles in the repair of rereplication-associated DSBs, which highlights the significance of DNA repair mechanisms in the maintenance of genome stability and prevention of tumorigenesis upon loss of DNA replication licensing control.
